Pseud~)monasfluore.~cens strain CA-4 is a bioreactor isolate previously characterised by the presence of a side chain oxidation pathway for ethylbenzene breakdown. In this report a second pathway involving ethylbenzene ring dioxygenation has been identified in this strain. We examine here second substrate inhibition of the genes encoding the initial enzymes of this pathway, using reverse transcription (RT)-PCR. The genes of the ring-dioxygenation have been cloned and sequenced. They exhibit near identity to the gene clusters encoding the aromatic ring dioxygenase enzymes of two previously described isopropyl degrading strains, Pseudomonas sp. strain JR1 and P. jluorescens IPOl. This dioxygenase pathway appears to be the major pathway for ethylbenzene degradation in this strain. The expression of these genes appears to be affected by the presence of second carbon substrates. Using RT-PCR we demonstrate that the negative effect of glutamate present in the growth medium together with ethylbenzene on the rate of ethylbenzene metabolism is mediated at the transcriptional level on the ethylbenzene dioxygenase genes. 0 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
In terms of volume produced, ethylbenzene (EB) is amongst the top 50 industrial chemicals, with figures in the order of millions of tonnes per year. It is widely used as an industrial fuel and solvent and as a starting point in styrene production [l] .
Pathways involved in EB metabolism by several Pseudomonas species have been previously described. (21) 903101; E-mail: a.dobson@ucc.ie They include the initial monooxygenation of the ethyl side chain at the a-carbon [2] or P-carbon [3, 4] , the monooxygenation of the benzene ring [5] and the dioxygenation of the benzene ring [2] . We have previously reported the presence of a side chain p-oxidation pathway in the metabolism of EB in Pseudomonas jkorescens oxygenating the second carbon of the ethyl side chain group. We also suggested the existence of a second pathway for ethylbenzene metabolism proceeding via the aromatic ring [61. We report here on the characterisation of the major pathway for EB metabolism in this strain, the dioxygenation of the aromatic ring. We have previously reported [6] that the presence of glutamate in the growth medium affected EB degradation in this strain. This second substrate inhibition of aromatic compound degradation by P.seudomonu.s species has been previously reported for styrene metabolism by P. putidu CA-3 [7] and toluene metabolism by P. putidu mt-2 [8] . In these reports the inhibition was characterised either by examining the enzymatic activities of pathway enzymes, or through the use of genes fusions [9] . To characterise the repressive effect of glutamate on EB we examined the relative levels of transcription of the genes encoding the enzymes involved, using reverse transcription (RT)-PCR. Transcription of these genes was induced by EB and by other alkylbenzenes that also serve as sole carbon sources, but was reduced when glutamate was included in the growth medium.
Materials and methods

Bucteriul strains mu' plusmid~s
P. jluorescens CA-4 is a bioreactor isolate, which was selected by enrichment for its ability to metabolise ethylbenzene as a sole carbon source. A Tn.5 mutant of this strain, El6. selected for its inability to utilise ethylbenzene as a sole carbon source, was also used. P. ftuorc.sce~~s CA-4 was grown in mineral salts (MS) medium as outlined in [6] . Both CA-4 and El6 were routinely maintained on sucrose asparagine (SA) medium, which contained 20.0 g 1. ' sucrose, 2.0 g 1-l asparagine, 1.0 g I--' K2HP0.1. 5 ml I-' of sterile 10% (w/v) MgSOi.7H20 was added post autoclaving. An indole containing medium of 0.2 g I-' yeast extract, 1.0 g 1-l arginine and 0.1 g 1-l indole was used to determine dioxygenase activity. Luria-Bertani (LB) medium was used for the routine growth of Escherichiu coli cultures [IO] . When required, indole was added to the LB medium to a concentration of 1 mM.
Genomic DNA from P. ,fluorescens CA-4 and plasmid DNA from E. coli was prepared using standard techniques [I I] . Ultraspec-II RNA isolation solution (Ibiotex Laboratories Inc., Houston, TX) was used for RNA preparation.
50 ml of mid-exponential phase cells, grown on the appropriate carbon source, were centrifuged and treated according to the manufacturer's instructions.
The resultant RNA was washed in diethylpyrocarbonate (DEPC)-treated 75% ethanol, dried and resuspended in 20 pl of DEPC-treated water. The RNA samples were treated with 1 unit of Boehringer Mannheim RNase-free DNase incubated at 25°C for 60 min followed by heat inactivation of the enzyme at 65°C for 15 min.
.
?. 4. Reverse trunscri~~tiorl
Reverse transcription reactions were performed using random hexamers (Boehringer Mannheim) as primers. The components of the reaction mixture were: 1.0 ~1 (200 U pl-') avian myeloblastosis virus (AMV) reverse transcriptase (Promega Corp.); 4.0 pl AMV reverse transcriptase buffer (5 X); 1 ~1 dNTP mix (10 mM); 1 yl random hexamer (40 ng ~1~'); 1.0 1.11 RNasin (RNase inhibitor) (Promega Corp.); 1.0 ~1 BSA (10 mg ml-') and 1 pg template RNA. DEPC-treated water was used to bring the reaction volume up to 20 ~1, and the reaction mixture was incubated at 25°C for IO min followed by 37°C for 1 11.
2 ~1 of the cDNA formed from the ssDNA by the RT reaction was subjected to PCR analysis. The primers used were designed from the sequence elucidated from the pDC1 clone isolated from strain CA-4. The primers, forward 5'-TCGATCCTGGCTGC-TGC-3' and reverse 5'-CAGGGGATTACCGTCT-T-3', yielded a 465-bp fragment from both the pDC1 clone and the P. ,$uorescens CA-4 genome. The annealing temperature was 50°C and the M&Cl2 concentration was 1.5 mM. Sequencing of the RT-PCR generated 465-bp DNA fragments confirmed their identity. The number of cycles in the reaction was optimised for each experiment to avoid reaching a point at which bands representing different conditions within that experiment would appear to have equal intensities due to reaching a plateau of ampliwas used to search DNA and protein databases for fication. similarity.
2.5. Oxygen uptake assays 2.8. Chemicals
Oxygen uptake assays were performed at 30°C on 3.0-ml volumes of mid-exponential phase cell suspensions, using a Rank biological oxygen analyser. The oxygen-dependent degradation rates was determined as previously described [ 121.
Aromatic compounds, glucose, glutamate and crystallised BSA were supplied by Sigma Chemical co.
Nucleotide accession number
Endogenous oxygen was measured as described in u31.
Enzyme assays
The nucleotide sequence of the genes reported in this paper has been entered in the GenBank library and assigned the accession number AF049851.
Enzyme assays were performed on cell extracts at 30°C using the method outlined in [12] . Cell extracts were prepared by sonication of washed and concentrated fresh cell suspensions and were kept on ice. Catechol 2,3-dioxygenase activity was assayed spectrophotometrically by measuring the formation of the product of the reaction hydroxymuconic semialdehyde (HMSA) at an absorbance of 375 nm [14] . One unit is the amount of enzyme that catalyses the transformation of 1 mmol of substrate per minute. Activities are expressed in nmol of product formed (HMSA) or nmol of 02 consumed per minute per mg of protein (PMS).
Results and discussion
Analytical methods
Protein concentrations
were determined by the method of Lowry et al. [15] UK), on a GeneAmp PCR System 2400 (Perkin Elmer, Norwalk, CT, USA), and run on an automated DNA sequencer (model 373 stretch, Applied Biosystems). The sequencing strategy consisted of the initial use of universal primers for the multiple cloning site of pUC19, followed by designing primers using the newly acquired sequences. Sequence data was assembled and processed using the DNASTAR (DNASTAR, Inc., Madison, WI, USA) software package. The BLAST algorithm P. Jluorescens CA-4 can utilise a number of alkylbenzenes as sole carbon sources, i.e. toluene, propylbenzene and butylbenzene, which differ only by their alkyl side chain length (Table 1) . Respiration studies of cells grown with EB as the sole carbon source show an ability to subsequently be able to utilise these alkylbenzenes (Table 2) , whereas glucose grown cells cannot (data not shown). This indicates that pathways induced by growth on EB, but not by glucose, are able to metabolise other alkylbenzenes, attacking them initially at the benzene ring. Further evidence for this pathway is the conversion of indole to indigo by this strain, and the presence of a catecho1 2,3-dioxygenase ring cleavage enzyme activity (59 nmol HMSA min-' mg-' protein), when grown with EB as sole carbon source. These traits are associated with enzymatic dioxygenation of aromatic rings [17] . The P. Jluorescens mutant El6 [6] , which is unable to utilise EB or any of the alkylbenzenes tested (Table I) , lacked these enzyme activities. This suggested that the major pathway for EB metabolism in strain P. ,~~~WIWWII~ CA-4 was via aromatic ring dioxygenation. Previous work on P. ,fiuowtww CA-4 showed EB oxidation was repressed by the presence of glutamate, but not by glucose. together with EB in the growth medium [h] . To determine whether this repression was mediated at the transcriptional level. RT-PCR was performed on RNA isolated from the strain grown in the presence of EB and either glutamate or glucose. RT-PCR was chosen to examine gene expression as it allows greater sensitivity in determining differences in relative levels of gene expression without the necessity of generating reporter gene constructs. In this case we examined the amplification of a 465-bp fragment described below, as a measure of the expression of these genes.
A gene bank of P. ,fluot~ww~.s CA-4, constructed in pUC19, yielded a clone. named pDCl. containing a 5.5-kb insert. which when plated out on LB indole medium and IPTG converted indole to indigo. Se- Table 2 Suhstratc quence analysis of this clone showed it to have 99% homology with two independently isolated gene clusters from alkylbenzene metabolism in P.st~ud~nwntr.s. the (~7 [IS] and ~/I/J genes [l9] . Six open reading frames were identified. four named &Al, 2. 3 and 4 (r&-EB dioxygenase) are highly homologous to c~rnzAl. 2, 3, 4 and @hAI, 2. 3 and 4, the genes responsible for the dioxygenase enzyme in their respective P.scudommu.~ strains IPOI and JR I (Fig. I ) . The fifth gene. c&B, is homologous to the gene encoding the dihydrodiol dehydrogenase enzyme in both strains. The identity of the sixth open reading frame, orf3, on pDCl is unknown. It is greater than 99% homologous at the amino acid level to open reading frames in both the W/H and iph gene clusters to which no functions have as yet been assigned. and 66% and 55% homologous to open reading frames in the biphenyl degradative operon, 1$1 and rod operons of P.seudonwnus sp. strains LB400 and KF707. respectively [20. 2 I] (Fig. I ) .
This sequence analysis strongly suggests that the pDCl clone contains all the genes responsible for EB aromatic ring dioxygenation in this strain. The genes are organised in an identical fashion to the cu/~ and iph genes which in turn are also organised in a similar fashion to other P.srudwmmr.s aromatic ring dioxygenases [22] . The G+C content of the PLIO gene cluster is S3%, significantly lower than the average G+C content of P. fluorc~.sc~n.~ which is about 59-61'!%.
To confirm the involvement of these genes in EB metabolism, RT-PCR was performed. using r&A Ispecific primers, on RNA isolated from cells grown on EB, toluene, propylbenzene and .sec-butylbenzene. In all cases a 465-bp DNA fragment was amplified (Fig. 2) . However, cells grown on glucose as the sole carbon source did not (data not shown). These results strongly indicate a role for these genes in EB and alkylbenzene metabolism in this strain.
There is a marked decrease in the intensity of the band generated by 1 ug of RNA, from cells grown in the presence of EB and glutamate, when compared to bands generated from cells grown in the presence of glucose with EB, or when no other additional carbon source is present in the medium (Fig. 3) . The presence of glutamate together with EB appears to lower the transcription of the genes involved in EB degradation in this strain. The presence of glucose, however, although not itself inducing these genes, does not inhibit their transcription.
This has important implications for the potential use of this and other strains in bioremediation strategies, given that the presence of nutrients such as glutamate could limit enzyme production by the bacterial strain.
Finally this work demonstrates the use of RT-PCR as a straightforward, rapid technique for the study of gene regulation in Pseudomonas. This technique should therefore aid in the further examination of second substrate inhibition of EB metabolism in P. juorescens CA-4 and in the metabolism of many other aromatic substrates in Pseudomonas. 
